Introduction
The object of this paper is to draw attention to certain peculiarities in the X-ray diffraction spectra obtained from single crystals of an alloy of alumi nium with 4 % by weight of copper. The experiments described below were carried out during an investigation into the property of age-hardening exhibited by these alloys, in the hope that some light would be thrown on the processes preceding precipitation of the compound CuA12, which are generally regarded as being the cause of the hardening in alloys of the Duralumin class, of which the simple 4 % copper alloy is the prototype.
The material used in the investigation was prepared from aluminium of high purity and after casting the ingots were forged and then drawn into wires of 1 mm. diameter. Pieces of the wire after annealing at 500° C. con tained crystals of sufficient size (2-5 mm. in length) for X-ray examination by the oscillating crystal and Laue methods.
Oscillating crystal photographs of the alloy taken as soon after quenching as possible do not present any striking difference from those of pure aluminium, except in showing a small change of parameter which is measurable only in the high order reflexions. After ageing at 150° C. for 26 days or 200° C. for 10 hr. the intense diffraction spots of the solid solution on the oscillation diagrams are accompanied by two or three rather weak but fairly sharp satellites. These appear before the alloy is in its state of maximum hardness and persist after th at maximum has been passed. At the same time, observation of high order reflexions (511) and (333) shows that some material of spacing 4*04 A is making its appearance in the matrix of alloy in which the spacing is 4*033 A. The reflexions of the 4*04 A spacing are weak and diffuse. In the oscillation photographs of the alloy aged at room temperature for 6 or 8 months the diffraction spots due to the solid solution are accompanied by lines which pass through the positions occupied by the satellites observed in the spectra of the alloy aged at higher tem peratures. The following sections, (2) and (3), are devoted to a more detailed description of these lines, the results of the oscillating crystal method being given in (2) and of the Laue method in (3). All the photo graphs have been taken with a hot cathode tube fitted with a copper target operated on an alternating supply of 40 kV (R.M.S.); tube currents of 10-15mA (mean) with exposures of 1 or l^h r. have been used for both the oscillation and Laue photographs. The latter have therefore been obtained in conditions in which the incident beam contained a much larger proportion of soft radiation than is usually the case.
Oscillating crystal method
A series of photographs has been taken of specimens aged for 6 months at room temperature and after different periods at 150 and 200° C. The orientation of the crystals selected for examination was determined by Laue photographs, and the specimens were adjusted so th at a [110] or [100] direction was parallel to the axis of oscillation. The general nature of the results obtained by this method of investigation can be illustrated by a description of photographs of the alloy aged at room temperature for 6 months and at 150° C. for 26 days.
In the alloy aged at room temperature the reflexions due to the facecentred cubic structure are accompanied by a pair of lines diverging from each spot in the direction of increasing 6. These lines, in the alloy aged at 150° C., are resolved into two or three fairly sharp spots. Actually each reflexion is accompanied by three lines, one of which is masked in the central layer line by the " white" radiation, but can be seen in the first layer line. Similar results are obtained when the axis of oscillation is a (100) direction, but the V-shaped marks are not identical in shape with those observed when the axis is (Oil). Some idea of the nature of the observed effect may be obtained from fig. 1 , where a number of diffraction spots with their accom panying lines are shown diagrammatically. The Laue photographs, fig. 2 a and b, Plate 14, also show the effect. The V-shaped lines on the left-hand side of (a) accompany a (111) reflexion of the alloy aged a t room tem perature. In fig. 7 b, obtained from the alloy aged a t 150° C., the lines are resolved into rath er ill-defined spots. Measurement of the films showed th a t the lines associated for instance w ith a (111) spot each proceeded towards the position where (211), (121) or (112) would occur, if it appeared in the X -ray spectrum . In term s of reciprocal space this means th a t the point (111) is accompanied by three m utually perpendicular lines parallel to the cube axes of the reciprocal lattice as illustrated in fig. 3 . I f we assume th a t each reciprocal lattice point is accompanied by three lines we can calculate the effect which should be observed. Taking the axis of pscillation to be (011) a point (x, y, z) referred to the reciprocal cube edges as axes will produce a reflected spot on a circular cylindrical film of radius Ra t a point ( , Y) on the fi where -/ , , n
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and where £ = A/a, the wave-length divided by the side of the cubic lattice. These formulae were used in preparing fig. 1 : for the plane (111), for instance, we put -x = y= 1 and allow z to assume values between gives the line running out towards (112). The other two lines are obtained by putting x = z = -1, and y = z= l and allowing y and x to vary from 1 to 2 and -1 to -2 respectively. The line (xl 1) lies in the equatorial layer line (y = 0) and cannot be observed, owing to the presence of " white" radiation. The X-ray photographs were superimposed on a diagram similar to fig. 1 and fitted in all cases. Similar results were obtained with [100] as oscillation axis.
The Laue method
The differences between Laue photographs of aluminium and of the agehardened alloy are illustrated in figs. 2, 4 and 5, Plates 14-17. In fig. 4 a the crystal aged at room temperature is orientated with a [110] direction parallel to the incident beam. The Laue diffraction spots are accompanied by quite intense streaks running round the principal zones and starting quite near the central spot. These streaks are not completely absent from photographs of the alloy taken immediately after quenching; they are, however, at first much fainter and broader. Fig. 46 shows a crystal aged at 150° C. for 25 days in the same orientation; the streaks are now resolved into short arcs. All these effects are absent from the Laue photographs of aluminium. fig. 6 a. It passes very near to the point (111), from which three lines radiate, one PB parallel to (100) in the plane of the diagram and two others inclined at ± 45° to that plane, the projections of which are shown at PA. These two lines are almost tangential to the sphere of reflexion, so that, allowing for the finite diver gence of the incident X-ray beam, the reflected rays from the whole of the pair of lines might be expected to appear on the Laue photograph. That this is so may be seen in fig. 2 . The V-shaped fines diverging from the point where the Bragg (111) reflexion of copper Koc would occur are clearly visible. The (111) Laue spot is nearer the centre. When the orientation is changed by rotation about a vertical axis through a small angle so th at the Laue spot passes out beyond the position of reflexion of (111) copper the V -fines no longer appear, the fines in reciprocal space being now within the sphere of reflexion, as shown in fig. 6 a by the dotted circle. Observations were also made on the plane (111) by taking Laue photo graphs at 2° intervals near the orientation shown in fig. 6 b. In this case the sphere of reflexion cuts the two fines, of which PA is the projection, at a steep angle so th a t the fines produce spots on the Laue diagram. I f our assumption as to the position of the fines is correct, one of the spots will travel round the zone from (111) to (121) as the crystal rotates. In fig. 7 a-c, Plate 18, a few of the photographs are reproduced, and it is seen th at this is the case. The results of a series of such photographs are shown in the stereographic pro jection ( fig. 8 ). The Laue spots in successive photographs are displaced 2° along small circles such as A B ( fig. 8 ). The spot arising from fig. 6 b travels downwards along CD towards the equatorial plane and inter sects the horizontal axis of the diagram at an angular distance 71° from the centre of projection. This is the complement of the Bragg angle of reflexion for the Koc copper radiation, as it should be. The spots due to the K/3 radiation are also recorded, C'D' , but are too faint ductions. The reflexions from all the photographs can be brought on to one great circle by displacing the points through the appropriate angle. The Laue spots of one plane all coalesce into a single point, as shown along the circle QR: the angle of displacement has been chosen so as to bring the (TlT) Laue spot to 55° from the centre of projection which is now (100). The spots arising from the lines PA of fig. 6 b all lie on the great circle running through (111) and (121) but move along the circle as the position of the crystal is altered, in just the way they should if the assumptions as to their origin in reciprocal space are correct.
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I t will be noticed in the photographs th at the spots arising from the lines in reciprocal space are not so sharp as the Laue spots, although they are fairly clear. This suggests th at the lines should really be thought of as rods having a finite volume, so th at the reflected rays arise from a small area of the sphere of reflexion.
Origin of the lines
In order to see how lines of the type observed can be produced it will be simplest to give a description of the interference pattern produced by a two-dimensional lattice. This is equivalent to a pair of line gratings arranged with their rulings at right angles, so that the effect is to form a rectangular array of apertures. Such an array is shown in fig. 9 a. If the grating is illuminated with a beam of monochromatic radiation it will form a system of spectra of the type shown in fig. 9 b.We can call the two gratin the network of fig. 9 a A and B, and if A has its rulings vertical it the absence of B, produce the horizontal row of spots O, A v ... of fig. 9 b. The grating B alone, having its rulings horizontal, would produce the vertical line of spectra O, Blt B2, .... The combination of the two gratings produces a rectangular array of diffraction spots; the spectra A 2, etc., being diffracted by Bt o (11) and (21) as shown in the figure. In addition to these principal spectra there will be secondary maxima dividing the areas between the principal spectra into a rectangular network; the intensity and number of (a) Cc)
(10) (20)
these secondary maxima will depend on the number of apertures in the grating, and we may suppose th a t this number is so large th a t they can be neglected for the moment. Now let us suppose th a t one of the gratings, say A, suffers from a periodic defect so th at every nth aperture allows more light to pass than the inter vening ones. This is illustrated in fig. 9 c, where the two columns marked with crosses represent the defective rulings. In terms of a plane of atoms or diffracting particles this corresponds to the weighting of these columns by atoms of greater scattering power. This arrangement will produce the spectra shown in fig. 9 d. The normal diffractions are unchanged in position, but along the fine OA, and lines parallel to it, the principal sp separated by spectra corresponding to a grating with the periodicity of the defective ruling. In the figure this periodicity has been taken to be four times th at of the grating A, so th at three new maxima are introduced between succeeding pairs of spectra as shown by the crosses in fig. 9 d. If the periodicity of the defect in the grating A varies in different parts of the grating the little supernumerary spectra will all run together into a smear joining the principal spectra along OA and the lines parallel to it. This begins to resemble the sort of effect observed in the crystal; it was pointed out in the preceding section th at a spectral point ( ) was accompanied by three lines running out towards the points (h+l,k,l) , and (h, 1 c, 1+ 1). Here, in the two-dimensional model, we have produced lines running through a series of spectra (0&), (1&), (2k), etc. This is one of the sets of lines we require, the other is of the type (AO), (Al), (A2), etc. A point of some importance with regard to the structure of the crystal now arises. If in fig. 9 c we suppose the grating B to have a periodic defect as well as A, this will produce extra spectra along the line OB and parallel lines through all the spectra along OA. The area enclosed by, say, (11), (21), (20) and (10) will be filled with a network of points. Although this is not what is observed, it appears th at the diffraction spectra within this area may, in certain circum stances, be much less intense than those along the lines OA and OB. It seems likely, however, that the observed pattern is due to an arrangement of the type shown in fig. 9 c. Here on the left the grating A has a periodic defect indicated by the columns of crosses, but grating B is perfect; on the right grating A is perfect and the horizontal row of crosses indicates a periodic imperfection in grating B. The resulting spectrum is shown in fig. 9 /; the principal spectra are joined by rows and columns of crosses, the horizontal rows being due to the imperfection of grating A, the vertical columns to those of B. This arrangement produces spectra in the places where they are observed in the alloy, namely, along lines where one index only of the normal spectra is allowed to vary. The production of the small streaks associated with the normal spectra in the alloy aged at room tem perature must be ascribed to variations in the periodicity of the imperfection.
The above results may now be translated into terms of atoms in the alloy. The defect which was supposed to consist of the presence of a larger aperture in the grating represents, in the crystal, a (100) plane in which copper atoms, of approximately twice the scattering power of aluminium atoms, have become segregated. This plane gives rise to an intensity streak (or, if the planes in which segregation occurs are regularly spaced, to a group of diffraction spots) running through a series of spectra ( (h ± 2, k, l) , etc. In some other p art of the crystal the copper w selected a (010) and will produce a streak along (hkl), 1, l), (h, l) , etc. The third streak running through (hkl), (h, 1), (h, k, l ± 2) is due to enrichment of (001) by copper in yet a third region of the crystal. These are the three lines running through each point of the reciprocal lattice illustrated in fig. 3. Fig. 1 shows the parts of them which are actually observed.
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Fig. 10
The simple model of a pair of crossed gratings considered above gives a satisfactory account of the position of the lines and satellites observed on the photographs. One very characteristic feature still remains to be considered; this is the fact th a t in the photographs the fines (or spots) always occur at larger angles of diffraction than the spot from which they diverge, as is illustrated in fig. 2 a and 6 . We have to account for the distribution of intensity along a fine such as (1 lz),and in particular fo of the intensity about the normal reflexions (111), (111), (113), etc.
Intensity distribution
An intensity distribution unsymmetrical about the normal reflexions will be produced if those elements of the grating which in the last section were supposed to have a high reflecting power are associated with a slightly smaller or larger spacing. In the case of the copper-aluminium alloy we would expect planes enriched in copper to be a little closer together than those where the copper concentration is uniform, because copper in solid solution causes the aluminium to contract slightly. We can see in the following way th a t the association of high reflecting power with diminished spacing will produce a result of the observed type. We consider a set of planes, spacing d, and reflecting power unity, and suppose th a t they are weighted so th a t the reflecting power varies by a small amount on each side of some plane chosen as origin. Let the reflecting power of the p th plane on either side of the origin be f -i +w°ooa2^r i ' so th a t / has a period (2 n+ 1) times the spacing. The e fig. 10a , where the planes are represented by a row of vertical equidistant lines whose tops are cut off by a cosine wave of amplitude w0. The height of each line in the diagram is an indication of its reflecting power.
We now displace the planes in such a way th a t the heavier ones, grouped about the origin, are a little closer together than the lighter ones grouped about points a t distances ± (2 n+ l)/2 from the origin. In fi of the p th plane from the origin is pd; in the distorted structure we p u t the p th plane a t a distance dp from the origin, wfysre 1 dp d\p + k sin 2 np \ 2n + 1 / The quantity k is small, and if it is negative it will produce a diminution of the spacing near the origin and a t points distant + (2 1) ± 2(2n + 1 etc., from the origin. The curve & sin 2np 2n + 1 is shown in fig. 106 , where the arrows in the loops indicate the directions of the displacements for a negative value of k. The final distribution of the reflecting planes is shown in fig. 10 c, the values of w0 = 0-25 and k = 0*2 having been chosen sufficiently large to make their effect appreciable on the diagram.
The amplitude of the wave reflected by the system of planes illustrated in the figure is made up of the following contributions: In these expressions c = sin#, so th a t c = 2n, 4n, 6n, etc., corresponds A to the 1st, 2nd, 3rd, etc., order of reflexion from the planes with normal distribution, d; 0 and A have their usual meaning, the Bragg glancing angle and wave-length of the radiation. We now assume th a t is so small th a t cos kc = 1 and sin kc = kc, so th a t 211+ Wq cos (pc + f c c s i n j^i ) .
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We can also assume th a t w0 is so small th a t the term involving w0 kc is negligible and then 
Now when we build up a grating each element of which is the unit illustrated in fig. 10c , these units will be separated by distances (2n+\)d, so th a t the only values of c which are significant are those for which c is an integral multiple of 2nl{2n+ 1). Let us p u t c = 27rm/(2n + 1) and consider the terms F, F1 and F2 when this substitution is made. We see th a t F vanishes unless m is an integral m ultiple of (2n + 1); Fx vanishes unless m + 1 is an integral multiple of 2n + 1, and F2 vanishes unless -1 is an integral mu one on either side, when c = 2n{ \ + 2n^2 + etc. These are the only spectra which arise. The presence of a pair of satellites associated with each normal reflexion is a consequence of our original assumption involving a simple harmonic distortion. A less simple type of distortion would give satellites of higher order. Considering now the amplitude of the satellites associated with the first-order spectrum we have one at with amplitude -I to + 2nky
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is smaller than the latter, so th at the satellite occurring on the side of the normal reflexion remote from the zero-order spectrum will be more intense than th at nearer the zero order. Table I shows the result numerically: it has been calculated with n = 4, w0 = 0-2 and k = -0*02. The maxima, at c = 320 and 680°, due to the term F1 diminish as c increases: those at c = 40, 400 and 760°, due to F% , increase with c and are considerably greater than those due to Fv Both F1 and F2 are small compared with the normal reflexion F. The model illustrates the observed intensity dissymmetry quite well, but owing to the restriction involved in the assumption th at kc must be small the calculation cannot be extended to higher orders. This limitation is not of importance, as it is only intended to show that the association of high reflecting power with diminished spacing will produce an intensity distribution of the type observed. The results described in the preceding sections m ust be regarded as preliminary. A fuller interpretation m ust depend on measurement of the intensity of the diffraction effects, when it should be possible to determine the size of the regions rich in copper and the number of copper atoms involved in each of them . I t seems j ustifiable at the moment to conclude th a t the process of age-hardening in this alloy is associated with the segregation of copper atoms on the (100) planes of the crystal as suggested by Desch (1934) . The observed effects resemble those described by Laves and Nieuwenkamp (1935) who attribute them to the presence of a two-dimensional super-lattice in the material (Ni3As2) which they were investigating, and are almost certainly connected with the formation of the " interm ediate" phase discovered by Wasserman and Weerts (1935) . The formation of this phase takes place a t a stage of the process which follows those described in the present paper. When the alloy is aged a t 200° C. for about 10 hr. one of the satellites, the outer one of fig. 2 6 , disappears, the intermediate phase being then present in the alloy. I t is difficult to say whether in this state the crystal is to be regarded as two phases or one, but in the earlier stages of the process it seems proper to regard the copper as being still " in solution" , still occupying sites on the aluminium lattice. In the regions in which copper is segregating it is still not present in sufficient quantity to assert its individuality by pre cipitating CuA12. The state of the alloy seems to resemble the Fe-Ni-Al alloys described by Bradley and Taylor (1938) , and it is possible th a t the high coercivity of these alloys and the age-hardening of duralumin may be manifestations of the same type of structural peculiarity.
